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ABSTRACT 
Semiconducting diamond has been synthesized from carbon-metal 
melts in a 600 ton tetrahedral anvil press at about 60 kbar and 
1400°c. The experimental set up, pressure and temperature calibra-
tions, and the growth region in the pressure-temperature regime are 
indicated. Micrographs of synthesized crystals are shown. 
The semiconducting properties of diamond, doped with boron, 
aluminum and titanium have been interpreted using the log R versus 
l/T curves. In boron-doped diamond ''high concentration" type im-
purity conduction occurs and the activation energies vary from 
0.15 eV to 0.30 eV. The activation energies for aluminum and 
titanium-doped samples are found to be 0.31 eV and 0.40 eV respec-
tively. The results are consistent with those obtained from optical 
methods where data were available. 
Properties of diamond irradiated with 17-18.3 MeV protons have 
been investigated. Raman· spectral measurements indicate an increase 
in the lattice constant of 0.0032 ~. The infrared absorption spec-
trum of proton irradiated diamond shows a characteristic absorption 
at 6.92 microns. The optical absorption edge of diamond does not 
seem to be affected by the irradiation. 
Boron phosphide has been synthesized from the elements at pres-
o 
sures and temperatures above 20 kbar and 1200 c. The crys tal growth 
rate has been determined as a function of temperature and press ure 
from which an activation energy for the process is derived. Optical 
and Scanning Electron Micrographs of the crystals synthesized re-
vealed a poorly developed morphology with voids present under all 
conditions of pressure and temperature. 
The effect of thermal neutron irradiation on the electrical 
conductivity of boron phosphide, hexagonal boron nitride and boron 
oxide (B2o3) has been observed by studying the current-voltage char-
acteristics before and during irradiation with a neutron flux of 
8 2 
about 10 n/cm .sec. In all these compounds, currents were higher, 
for the same voltage setting, during irradiation. The differences 
observed during irradiation in current values for the three boron 
compounds have been explained as being due to the "boron to anion 
ratio" being different in them. 
The Appendix to this thesis includes an introduction to the 
foregoing investigations and describes the equipment used with re-
commendations for future work. 
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PREFACE 
This dissertation is written in the "Manuscript Plan" approved 
by the Graduate School of the University of Rhode Island. According 
to this plan, this thesis is divided into two sections: five manu-
scripts prepared according to the format of scholarly journals and an 
appendix that contains an introduction to the problem, literature 
survey, and details of methods and equipment used with recommendation 
for future work. 
Manuscript I has been published as part of the final report on 
"Research on Photoelectronic Imaging Devices" sponsored by Advanced 
Research Project Agency and monitored by u.s. Army Research Office. 
Manuscripts II and III have been accepted for publication in 
the "Journal of Applied Physics" and "Radiation Effects" respectively. 
Manuscript IV has been presented at the annual meeting of the American 
Ceramic Society, Washington, D. c., and has been submitted for publica-
tion to the "Journal of Crystal Growth". Manuscript V is being 
finalized for publication. 
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ABSTRACT 
Semiconducting diamond, to be used as the active material in 
targets in cathodoluminescent imaging tubes, has been synthesized in 
a 600 ton tetrahedral anvil press. The experimental setup, includ-
ing the temperature and pressure calibration and some of the experi-
mental results are discussed. The growth region is indicated on a 
pressure-temperature diagram and micrographs of the synthesized 
crystals are shown. 
3 
4 
Introduction: 
The thermodynamic calculation of the equilibrium line between 
graphite and diamond1 has been a major contribution towards diamond 
synthesis. It is in good agreement with the experimental results ob-
2 
tained by other workers. Contributions to the carbon phase diagram 
2-4 have been made by several investigators. The part of the diamond-
graphite equilibrium line from 0 to 1200°K is based on moderately ac-
curate thermodynamic data. From 1400°K to 2800°K the data is based 
5 
upon experiments on the growth and graphitization of diamond. It 
has been suggested that at pressures above 600-700 kbar diamond re-
duces to a dense metallic state, 15-20 percent denser than diamond. 4 
Pressure equipment of various types have been designed and used 
3 6 for a variety of purposes. ' It is now possible to assess the merits 
and demerits of each and select the required type depending upon 
whether the main consideration is pressure, temperature or sample 
volume. The tetrahedral anvil press used in this investigation lends 
itself particularly well for laboratory experiments as needed in this 
investigation. Experimental data is available regarding the pressure 
and temperature at which diamond growth occurs. It varies for dif-
3 ferent catalyst systems used. The direct conversion of graphite to 
diamond (without catalyst) is also possible except that the required 
pressures are above 125 kbar. 4 Different types of reaction cells 
have been devised. They can either be directly heated or indirectly 
heated, 2 ' 3 ' 6 (with a heater tube enclosing the sample). The actual 
transformation from carbon to diamond, when using a solvent, occurs 
3 
across a very thin solvent film separating the carbon and diamond. 
The growth region in the pressure-temperature regime is the area 
bounded by the melting point line of the solvent and the graphite 
diamond equilibrium line. 7 
5 
Semiconductivity in synthetic diamond is induced by introduc-
tion of specific impurities like Be, B or Al to suitable mixtures of 
carbon and solvents like the transition metals iron, nickel and 
8,9 
cobalt. The impurities may be introduced by direct addition to 
10 11 the growth mixture, diffusion techniques or ion bombardment. ' 
The electrical resistivity of the crystal decreases with increasing 
concentration of the impurity atoms. The crystals may have resisti-
vities as low as 103 ohm-cm with activation energies for conduct i on 
9 12 lying between 0.1 and 0.35 eV. ' 
Electrical measurements have been made on semiconducting dia-
mond crystals for determining Hall coefficient and temperature de-
d f d . . 13,14 pen ence o con uct1v1ty. It has been observed that the electri-
cal properties can be markedly altered by subjecting the crystals to 
7 heat treatment. Table I shows the electrical characteristics of 
natural semiconducting crystals. 
The effect of pressure and temperature is important not only 
in the actual production of semiconducting crystals but also in deter-
. 15 16 
mining the color, size and shape of the crystals synthesized. ' 
At low pressures where nucleation is slow, it is found that cubic 
development is favored at the lower temperature, gradually changing 
to cubo-octahedra and eventually octohedra at higher temperatures. 
At higher pressures where nucleation is rapid, fine sized crystals 
are normally encountered. 
Doping, apart from changing the electrical and optical 
properties 8 ' 9 also influences the morphology of the crysta l s. For 
6 
example, in boron doped diamond crystals the cubic habit is pro-
nounced at boron concentrations of about 200 ppm. At concentrations 
around 1000 ppm only octahedra are synthesized. Between these two 
16 levels cubo-octahedra are prevalent. 
Experimental Set Up and Procedures: 
Synthesis of diamond was carried out in a 600 ton tetrahedral 
press. The details of construction and operation may be found else-
where. Heating of the samples was accomplished by so-called direct 
heating whereby a transformer provides a low voltage, high current 
(600- 800 amperes) which is passed via the press anvils through the 
sample itself. Runs were made in which the total wattage passed 
through the cell was monitored and the temperature read from a pre-
viously obtained calibration curve on the specific sample design used. 
Temperature calibrations were made using a Pt-Pt, 10% Rh thermocouple. 
A typical calibration curve is shown in Figure 1. Pressure calibra-
tion is done by obtaining the relationship between ram pressure and 
working pressure. Known pressure values for polymorphic transition 
in bismuth and thallium were used. These transitions are accompanied 
by sharp resistivity changes in the metals. Cells containing the 
respective metal s , which were extruded into wires from bulk form in 
our laboratory, are monitored for this resistivity change and the ap-
propriate ram pressure noted. A typical calibrati on curve is shown 
in Figure 2. All runs were s ubsequently made by monitoring the r am 
pressures . No attempts were made to individually determine pressure 
and/or temperature in each cell. The cell design for actual crystal 
growth i s shown in Fi gure 3. 
7 
A typical growth sequence consisted of pressurizing the sample 
followed by gradual heating of the sample by increasing the wattage 
in about three minutes after which growth ensues at essentially 
stable conditions for about ten to fifteen minutes. At the end of 
the run the current is rapidly decreased, effectively quenching the 
sample, after which the pressure is gradually decreased. After re-
moval of the sample and the surrounding pyrophyllite pressurizing 
medium, the cell is "cleaned" to yield the desired end product. 
Cleaning is done by dissolution and oxidation processes in a variety 
of baths. The sequence of events is as follows: 
The cell is first broken up mechanically and observed under 
* the microscope. The sample holder material (pyrophyllite) is care-
fully removed as much as possible without losing any of the diamond 
crystals. 
The material is then transferred to a clean 250 cc beaker. 
To this is added 150 cc of a saturated solution of sodium or potas-
sium dichromate in concentrated sulfuric acid. This solution is now 
reddish brown in color. It is carefully heated at about 60°c for 
half an hour. Stirring is done by means of a glass coated magnetic 
stirrer. 
When the solution turns bluish green in color, no further re-
action takes place and the heating is stopped. The mixture is al-
lowed to settle. The clean solution is carefully decanted and the 
material washed with water and decanted again. This step is re-
peated until all acid is fully diluted. If graphite is still left, 
* See page 115 of Appendix. 
the above procedure is repeated. 
Aqua regia (3 volumes of cone. HCl and 1 volume of cone. 
HNO ) is used to remove the metal. The solution and the sample is 
3 
allowed to boil for about an hour or so using the magnetic stirrer, 
until all metal has dissolved. It is allowed to settle, decanted 
and washed repeatedly. 
Some of the pyrophyllite which may still remain is dissolved 
by adding hydrofluoric acid to the residue in a teflon beaker. The 
solution is heated gently for about one half hour, allowed to cool 
and then decanted and washed with water as often as necessary. The 
only residue is now pure diamond. 
Results and Discussion: 
Figure 4 graphically shows the conditions at which semi-
conducting diamond was obtained. The experiments were primarily 
directed at determining the conditions of synthesis at which the 
material of the desired size and morphological development could be 
8 
obtained. Several large crystals of boron doped diamond were selec-
ted for property determinations. 
All syn thetic diamond that are semiconducting are p-type and 
show unusual el ectr ical conductiv ity properties. Thermistor devices 
made from this material display a negative coefficient of resistivity 
over a useful , continuous temperature range of -200 to +800°c. Typ-
ical zero-power r esistance i s 30,000 ohms at 2s0 c and the resis tance 
ratio R25/R125 = 3. They also have a favorable dissipation cons tant 
and thermal time constant. Aluminum and titanium doped diamond also 
show similar pr opertie s . 
9 
Growth of diamond can be accomplished at reasonably low pres-
sures and temperatures only in the presence of a so-called cata-
11 lyst. It is f elt that the materials used for this purpose, prima-
rily transition metals, act as solvents for the low pressure forms, 
from which the high pressure forms crystallize under conditions of 
pressure and temperature for which they are stable. Semiconductivity 
can be induced by addition of low concentration dopants (less than 
0.1 per cent) to the growth mixture (solute), solvent or separately. 
The method used in this investigation is the addition of boron to 
the graphite. This is particularly suitable for the present growth 
purposes which have the intent of producing massive nucleation with 
the subsequent result of many small crystallites. 
The main objective was the synthesis of small crystallites of 
semiconducting diamond for use as target materials in cathodolumi-
nescent tubes. Whereas the primary task, from the experimental 
growth points of view, was the determination of the appropriate tem-
perature and pressure for synthesis, a variety of parameters affect 
the characteristics of the end product. ·Pressure greatly influences 
the nucleation rate, with higher pressures inducing more and more 
widespread nucleation. This is an advantage since pressure can now 
monitor the crystal size. A disadvantage of the high pressure is, 
however, a generally short life of the carbide press anvils. The 
exact conditions of pressure and temperature furthermore influence 
dopant level and morphology of the crystals. Dopant level is of 
importance inasmuch as it fixes the resistivity of the crystals and 
the response time when used in detector applic~tions. Morphology is 
important since growth rates on the prevalent cubic and octahedral 
10 
faces are different. It also has an influence on the ease of fabri-
cation of detectors. Regardless of the influence of pressure and 
temperature on morphology, the dopant level is of greater importance 
yet. In the case of diamond and for any pressure level, cubic 
crystals are generated at low temperatures, octahedral crystals at 
high temperatures, while tetrakaidecahedral (cubooctahedra) forms 
are observed at intermediate temperatures. Figure 5 shows the morph-
ology of the synthesized crystals. Change of morphology as a func-
tion of boron dopant level in diamond in the pressure-temperature 
regime is described in reference 15. 
The addition of dopants generally suppresses the equilibrium 
line, as shown in Figure 6, to lower pressures. The extent of the 
pressure reduction is dependent on the type and concentration of 
dopant. 
It can therefore not be stressed enough that a variety of 
parameters can influence the characteristics of the end product. 
Subsequently, our growth experiments have been aimed at determing 
the best conditions for growth of a light-element, fine-grain-size, 
high-temperature stable, semiconducting product. Such material, in 
the form of boron doped semiconducting diamond has been delivered to 
the sponsor. 
TABLE 1 
Electrical Characteristics of Semiconducting (Type Ilb) Diamond 
Activation Energy of Acceptors 
0 Resistivity (at 295 K) 
Hall Coefficient (at 295°K) 
Hall Mobility of Holes (at 295°K) 
Hole Concentration (at 295°K) 
NA (Acceptor Concentration) 
ND (Donor Concentration) 
0.35 eV 
160 ohm-cm 
3 3 1.25 x 10 cm /coulomb 
2 780 cm /sec-volt 
5.9 x lo13/cm3 
8.5 x l016/cm3 
5.4 x l015/cm3 
Sample Description: 2.47 x 2.51 x 5.81 mm 
Weight: 0.63 carat(0.1265 g/0.632 carat) 
11 
Figure 1. 
Figure 2. 
Figure 3. 
Figure 4. 
Figure 5. 
Figure 6. 
FIGURE CAPTIONS 
Typical temperature calibration curve for sample 
configuration used in the experiments reported here. 
Typical pressure calibration curve for the 600 ton 
tetrahedral press and sample configuration used in the 
experiments reported here. 
Cell design for growth of diamond as used in our 
experiments. 
Experimental results in the diamond growth system. 
Micrograph of synthesized diamond (44X). 
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ABSTRACT 
The semiconducting properties of boron, aluminum and titanium 
doped diamond have been interpreted using the log R (resistance) 
versus l/T curves. In boron-doped diamond, "high concentration" 
type impurity band conduction occurs. The extrinsic ranges of the 
curves are analyzed with the usual model to yield the activation 
energies of the impurity level. The activation energies for the 
boron-doped samples vary from 0.15 eV for the highest dopant concen-
tration to 0.30 eV for lower concentrations. For the aluminum and 
titanium-doped samples, the activation energies were found to be 
0.31 and 0.40 eV respectively. The results are consistent with 
those obtained from optical methods where data were available. An 
empirical formula is advanced which fits the log R versus dopant 
content rather well. 
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1. INTRODUCTION 
Stability of diamond, particularly at high temperatures, has 
made this material attractive from the point of view of development 
23 
of special semiconductor devices. Passive diamond thermistor devices, 
using manufactured doped diamonds as the sensing element, have been 
made.l Future development in this area depends, not only on imforma-
tion with regard to growth of the material itself, but also on an 
understanding or interpretation of the conduction mechanism(s) of 
variously doped diamond. This paper presents the dependence 
log R = f(l/T) for variously doped diamonds and advances an empirical 
formula which fits the experimental results fairly well. 
2 An inspection of the log R vs l/T curves (e.g. see Fig. 1) 
of synthesized diamond reveals that they are different from those 
usually observed in semiconductors at normal doping levels. For these 
"ordinary" semiconductors, the plot of log R vs l/T normally shows a 
minimum, which occurs at higher tempera tu res as the impurity concen-
tration increases. To the low temperature side of the minimum, i.e. 
in the extrinsic range, the curve is almost linear. Most of the 
charge carriers come from an impurity level by thermal ionization 
with the consequence that carrier concentration varies roughly as 
exp (Ei /nkT), where E is the energy level of the impurity, 
mp imp 
T the temperature, k the Boltzmann constant, and n is equal to 1 or 2 
depending on whether the semiconductor is "strongly" compensated or 
not. The low temperature asymptotic slope of the plot gives the 
activation energy of the impurity level. The variation of these 
curves for different dopant levels can be explained satisfactorily 
and quantitatively by the usual theory for the conduction mechanism 
ll-Boltzmann statistics. 
a11d Maxwe 
Our curves differ, however, from 
They don't show any tendency of reaching a the usual in two ways. 
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0 
a t temperatures as high as 800 K, compared to much low-ldnimum even 
at which most of the normal curves have already er temperatures 
h d their minima, and secondly, there is a "kink" in the slope. reac e 
The temperature at which this occurs is dependent upon majority im-
purity concentration (Fig. 1). 
explanation. 
This kind of variation needs further 
Semiconductivity may be induced in diamond in a variety of 
ways. The most common method is that of the introduction of specific 
impurities like Be, B, Al to suitable growth mixtures of carbon and 
solvents or by diffusion of these elements into diamond crystals at 
3 4 high temperatures and pressures. ' Introduction of active impuri-
ties by means of ion implantation has lately received considerable 
5-7 
attention. The electrical resistivity of the crystals decreases 
with increasing concentration of the impurity atoms (Fig. 1). Doping 
during growth or by diffusion has so far produced only p-type conduc-
tivity whereas ion doping (with Li, C and. P) can produce n-type 
conductivity. 6 All the results reported here refer to crystals 
rendered semiconductive by the growth doping technique. Doping with 
B d Al i . 4-5 an mpurities has been reported earlier. Recently it has 
been found by us that the presence of titanium in the growth mixture 
introduces very desirable p-type semiconductive properties. The re-
sistivity versus temperature characteristics of this product are close 
to those determined on natural semiconducting diamond. This approach 
has not been previously reported. 8 It is not known at this time 
Whether titanium acts as an active carrier or whether the presence of 
ium Prevents or reduces the incorporation of nitrogen through titan 
d i the growth process. The similarity of the gettering ur ng 
log R = f(l/T) dependence for the titanium doped and the natural 
i diamond is of interest in this context. It is con-
•emiconduct ng 
bl that the nitrogen level, in the presence of titanium, is ceiva e 
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•ufficiently reduced to enable activation through Al which is normal-
t in laboratory grown diamond. The characteristics of the ly presen 
electrical and optical properties of natural semiconducting diamond 
indicate that their behavior is governed by shallow acceptor levels 
of Al, which are substitutional impurities in diamond. 9 ,lO 
II. IMPURITY CONDUCTION 
11 12 It was found by Hung ' that, in certain samples of germanium 
with decreasing temperature the resistivity as well as Hall coef-
:ficient first increased almost exponentially, as expected, but at a 
certain temperature the Hall coefficient reached a maximum and then 
decreased sharply over several orders of magnitude. At the same tern-
perature range of the Hall coefficient ma~imum, the slope of the re-
sistivity versus temperature curve changed abruptly and they became 
very much reduced. Recent experimental work shows the exact same 
behavior of the Hall coefficient and electrical conductivity in p-
type semiconducting diamond doped with boron by both the ion implan-
tation and growth-doped methods. 7 Such a temperature dependence, as 
for the ion implanted samples, is claimed to be typical of a semi-
conductor with an impurity band. 6 The onset of the kink was ob-
served6 at impurity concentrations around 1019 cm- 3 in ion doped dia-
llOnd. 13 Conwell has calculated impurity levels above which band for-
111&tion is possible for several other group IV elemental semi-
conductors as follows: 
16 -3 16 -3 (n-Ge) lxlO cm , (p-Ge) 5xl0 cm 
* For diamond, taking m = 0.25 me it is found using Conwell's rela-
tion, that 2xlo18 cm- 3 is sufficient for impurity band formation. 
12 Hung postulated originally that owing to the high impurity 
concentration the overlapping of impurity wave functions becomes 
appreciable and the impurity levels broaden into a band so as to 
make conduction within the "impurity band" possible. Thus he pro-
26 
posed a two-conduction-band model, arguing that at high t emperatures 
conduction takes place in the regular band while at low temperatures, 
when most of the charge carriers are squeezed out of the regular band, 
conduction via the impurity band takes over, although with much 
smaller mobility. This model explains, at least qualitatively, the 
abrupt drop of Hall coefficient after reaching its maximum and the 
"kink" of the resistivity curves; it also gives the criterion for 
the onset temperature of impurity conduction as roughly 
where n carrier concentration in regular band c 
n imp carrier concentration in impurity band 
µc mobility in regular band 
µimp = mobility in impurity band. 
The experimental work of Fritzsche and Lark-Horovitz, 14 
15 d Carlson16 indicate behavior similar to that Fri use he an 
27 
described above. If the impurity conduction is primarily the result 
of band formation, then it should not be observed for concentrations 
80 low that band formation is unlikely to develop. It has been sug-
13 17 . 
d by Conwell and Mott that in the presence of minority geste 
compensations, impurity conduction is possible at majority concen-
trations lower than that necessary for appreciable wave function 
overlapping due to the hopping of charge carriers from one occupied 
impurity site to a nearby one which has been made vacant by minority 
impurities. This has been observed by Fritzsche 18 for Ge doped with 
i 1 as 6xlo 14/cm3• Th h i h · Sb at concentrat ons as ow e opp ng mec anism was 
db ·1 19 . h' tt t t . t d i . f reporte y Wi son in is a emp s o in erpret con uct vity o 
variously diffusion doped diamonds. There are thus essentially two 
rival impurity conduction schemes. 
19 It is found from optical and magnetic resonance measurements 
that in synthetic boron-doped diamond, nitrogen is the primary donor 
impurity, with its excess electron located in an antibond orbital 
where it does not contribute to conduction but may be available for 
compensation. In our samples nitrogen is not added intentionally. 
For convenience of calculation it is assumed that the nitrogen con-
centration is low and approximately constant for different boron 
concentration, which is also borne out by infrared measurements. 
The boron content is lowest in curve 1 and highest in 4 (Fig. 1), 
and the compensation ratio in the reverse order. The low temperature 
slopes, i.e. low temperature activation energies, are .0304 eV, 
•0219 eV, and 0.007 eV for curves 1, 2, 3, and 4 respec-
.026 eV, 
tively. 
Miller20 studying the hopping mechanism in the low concen-
range was able to deduce the concentration and compensation tration 
dependence of E, which has been confirmed experimentally at least 
28 
f K _ N /N . < 0.6. His findings indicate a decreasing activa-or - min maJ 
tion energy with increasing values of K at least to K = o.5. 
It is felt19 that the K's in our curves should not be greater 
0 1 If the hopping process were dominant in our case, we than • • 
should expect an increase in E from curves 1 to 4. However, this is 
exactly contrary to what is experimentally observed. Similar experi-
mental evidence may be found in reference 21. This seems to rule out 
the possibility of a hopping mechanism and to support the band conduc-
tion scheme. Simple calculation shows that if all boron in the growth 
mixture goes into the diamond as an impurity, the concentrations will 
20 3 20 3 21 3 21 3 be 2xl0 /cm , 5xl0 /cm , lxlO /cm , and 2xl0 /cm for 
curves 1, 2, 3, and 4 of Figure 1 respectively. High impurity con-
centrations for all four cases are, however, still indicated. The 
solid solubility of B in Si and Ge is of the order 5xlo21 /cm3 at 
1000°K. This is considerably higher than that of other elements and 
i 22 s primarily due to the small radius of boron. Since the atomic 
radius of diamond i s smaller than Si and Ge, we expect a lower solu-
bility of B in diamond. But it is quite unlikely to be lower than 
19 3 
lO /cm because boron can still go into diamond as a substitional 
impurity. It is there fore reas onable to expect that semiconduc t ing 
diamond has impurity concentrations high enough for band conduction. 
yr. ANALYSIS OF EXPERIMENTAL DATA 
chosen. 
The analysis of the data depends on what physical model is 
Since the high temperature range of the curve (i.e. before 
29 
the change of slope) corresponds to the extrinsic range of a regular 
i ductor a "two-impurity" model with boron as majority impurity sem con ' 
and nitrogen, presumably as minority impurity, seems adequate. If a 
single acceptor energy level is also assumed, the hole concentration 
by23 is given 
* 2 3/2 (2nm kT/h ) exp (-E/kT) 
where p = hole concentration, Nd = donor concentration, 
* N = acceptor concentration, m 
a 
effective mass, 
(1) 
k =Boltzmann constant, h =Planck's constant, E activation energy 
and T = temperature. 
The resistance curves can normally be fitted as a function of 
t t i N N E d * Th' h . 24 empera ure us ng d' a' an m as parameters. 1s tee nique 
is used when Hall coefficient data or equivalently the carrier con-
centration data are available, with no complication due to mobility. 
The Resistance R is defined as 
-1 R = (J,/A)p = J,/A (epµ) , 
where L, A, p, e, p are conventional terms and the mobility is 
The mobility due to lattice scattering is given by25 
(2) 
30 
( 2 I ) 
12 2 
elastic constant= 10.75xl0 dyne/cm for diamond (Ref. 26) 
where ell = 
* m effective mass = 0.25M (Ref. 27) e 
~ deformation potential = 30 eV (Ref. 26) 
The mobility, µ.t' at 300°K, is about 2xl0 3 cm2 /V-sec. This is in 
. 28 29 good agreement with experimental values. ' 
The mobility due to ionized impurity scattering25 
0 
where T = 300 K, E and E are the dielectric constants of the 
0 0 
crystal and vacuum respectively and N. is the ionized impurity con-
i 
centration. Taking Ni = l018/cm3 = p (for p-type) and E = 5.6 E 0 , 
0 4 2 
we have at T = 300 K, µ 1 :::: 10 cm /V-sec. 
Th b . 1 . t d 1 . . . 30 e mo i i y ue to neu tra impuri_ty- seat tering 
( 1023/N ) ( 2/ ) cm V-sec 
n 
The neutral impurity concentration Nn Nd + Na - Ni 
Taking Nn ~ 1019 cm - 3 we have 
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< and µ at 300°K and the inequalities become better for 
Since µ.t µI N _ 0 
higher temperatures, µ ~ µL for T > 300 K. The typical value is 
2 103 cm2/V-sec as indicated above and values of the order of about x 
21 2/V ec have also been reported. This clearly shows that lcm -s 
1DObility values are in fact scattered over quite a wide range de-
pending upon the method of doping and various other factors. 
With µ,.., µ in Eq. (2) the only quantity needed to compute 
- t 
the resistance is P• 
Case (i) 
Assuming p << Nd < Na Eq. (1) reduces to 
'°' 2 3/2 (2nm kT/h ) exp (-E/kT) 
* 2 3/2 
p =[<Na - Nd)/Nd] (2nm kT/h) exp (-E/kT) 
,·~ 2 3/2 
(l/K - 1) (2nm kT/h ) exp (-E/kT) 
where K = Nd/Na = compensation ratio. 
31 It is found that the resistance curves (1) and (2) of 
Figure (1) cannot be fitted using case (i). This probably reflects 
that assumption p << Nd is not fully satisfied. 
Case (ii) 
If the other extreme i's true, i' e N << P < N Eq (1) 
• • d a' • 
reduces to 
1/2 
p = (N ) 
a 
* 2 3/4 (2nm kT/h ) exp (-E/2kT) 
(3) 
( 4) 
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-3/4 the mobility is proportional to (kT) for the high 
which means 
region of the curves (1) and (2) of Figure 1, , assuming temperature 
r e strictly linear in that region and the activation energy they a 
becomes twice as large as that of case (i). This larger activa-
tion energy will reduce the hole concentration (p) of Eq. (1). This 
makes the assumption Nd << p < N less likely to be valid. a 
On the other hand, when the mobility ~(kT)- 3/2 was chosen and 
the corresponding activation energy used in Eq. (1), the assumption 
p << Nd < Na seemed less valid. Thus it is safe to conclude that 
the correct activation energy lies between case (i) and case (ii) 
and has been found to be 0.15 and 0.30 eV respectively as indicated 
in Table 1. 
Figure 2 shows the dependence of the average resistance of 
the boron-doped diamond at 25°C on percent boron content in the 
growth system. As can be seen from Figure 1, the temperature where 
the onset of impurity conduction, especially for curves 2, 3, and 4 
has already occurred, is approximately 25°c. Miller20 has given the 
relationship: 
where a 
r 
0 
average radius of the impurity wave function 
average separation between two impurity atoms 
(3/4 n N . ) 1/ 3 and 
maJ ' 
Po (Nmaj)= re s istivity at a fixe d t emperature. 
This expression is derived for the low temperature resistivity of 
the hopping type of impurity conduction. No theory on the majority 
centration dependence of resistivity, at temperatures 
:llDpuri ty con 
transition from normal to impurity conduction occurs, has 
where 
However, guided by Miller's relation, we found that been given. 
· A exp (B/X + cx105 ) with A= 45.0o, B = 0.695, the expression 
C • -l.OOS and x the percentage boron in the growth system can fit 
the experimental curve very well. The above expression is also 
plotted in Figure 2. 
For Al and Ti doped diamond, the experimental curves can be 
fitted quite well with Eq. (1) and the lattice scattering mobility 
-3/2 µ • constant x T • This good fit is due to the fact that the 
R versus l/T curves are normal with no "kink" up to 1000/T'.:::'.. 5. 
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Experimental data and the fits obtained are shown in Figures 3 and 4. 
For comparison, the curve for natural diamond is also included in 
- 3/2 Figure 4. If the constant preceding the T term is set equal to 
the numerical value given by Eq. (2'), then the two curves can be 
fitted with E, N . , K as listed in Table 2 to within a constant 
maJ 
factor of about 10 in both cas es. This cons tant factor could only 
come in due to the uncertainty of the crystal dimensions. In the 
above fittings, we assumed the diamond crystals to be cubic with a 
32 250 micron edge. All the data are contained in Table s 1 and 2 . 
!V• DISCUSSION AND CONCLUSIONS 
Among the data g iven in Table 1 and Table 2, the activation 
energies are thought to be the mos t reliable . For boron-doped dia-
mond, the activation energies ranging from 0.15 eV to 0.30 eV are 
probably quite good, since electroluminescence methods show the 
boron level i n the synthet i c diamond to be a t about 0.19 eV a t 
o 3 Vat 300°K. 33 Furthermore, Conwe11 24 has l50oK and at about • e 
34 
as the impurity concentration increases, the "effective" 
shown that 
energy (that is the s i ngle energy level assumed in 
activation 
deriving Eq. (1)), decreases because of the formation of an im-
purity band. 
For aluminum and titanium doped diamonds, (Figures 3 and 4) 
the low impurity concentrations are in qualitative agreement with 
0 the fact that they don't show any "anomalies" down to 200 K, where 
the "anomalies" of boron-doped crystals already occur. An activa-
tion energy of about 0.30 eV for Al is considered good and may be 
compared with a value of 0.35 eV as obtained from electroluminescence 
33 
measurements. 
In the presence of impurity conduction, even if analys is is 
done on the extrins ic range of t he Hall coefficient curve to extract 
E, N ., K, the result obtained is accurate only when the extrinsic 
ID8J 
range (which i s not affected by impurity conduction) is large 
18 
enough. This occur s only at l ow enough impurity concentra t ions. 
The analysis given above, especially for ·boron-doped crystals, indi-
Cates the difficulties encountered i n interpreting conductivity in 
heavily doped diamond. 
a = 
Curves 
1 
2 
3 
4 
* Figure 1 
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TABLE 1 
* DATA FOR BORON-DOPED DIAMOND 
Fit With With Approximation Made 
El E3 
On Equation (1) For 
exp(- exp(- Curves (1) & ( 2) cl kT) + c3 kT) Of Fig. 1 
E1(eV) ' E3(eV) 
Mobility Activation 
Variation ~Energy of the 
Impur i ty Level 
Case (i) 
0.152 0.0304 
µa(T)-3/2 0.15 eV 
Cas e (ii) 
0.168 0.0 26 
µa(T)-3/4 0.30 eV 
-- 0.0219 -- --
-- 0.007 -- --
a 
Al 
Ti 
TABLE 2 
DATA FOR ALUMINUM AND TITANIUM DOPED DIAMONDa 
Best fit of the extrinsic range with a 
two-impurity model and µaT- 3/ 2 
Activation Energy 
of Impurity Level 
N 
maj K = N . /N . min maJ 
0.31 eV ,.,, 2.5 x l016/cm3 ,.,, 0.05 
0.40 eV ,..., 3 x 1017 /cm3 ,..., 0.01 
Figures 3 and 4 
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Figure 1 
Figure 2 
Figure 3 
Figure 4 
Figure Captions 
Resistance versus temperature at various dopant levels 
for boron-doped semiconducting diamond. 
Dopant concentration in the growth mixture of crystals 
characterized by curves 1 through 4 may be obtained by 
reference to Figure 2. 
Average resistance as a function of percent boron in 
growth system compared to fit as shown. 
Resistance of aluminum doped diamond as a function of 
temperature. Best fit as shown. 
Resistance of natural diamond (curve 1, inner scale) 
37 
and titanium doped diamond as a function of temperature. 
Best fit for titanium doped sample is as shown. 
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ABSTRACT 
Properties of diamond irradiated with 17-18.3 MeV protons 
have been investigated. Raman spectral measurements indicate an 
increase in the lattice constant of 0.0032 ~. The infrared 
absorption spectrum of proton irradiated diamond shows a character-
istic absorption at 6.92 microns. The optical absorption edge of 
diamond does not seem to be affected by the irradiation. 
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Radiation-induced changes in the properties of diamond are 
of considerable interest, both from the practical and theoretical 
point of view. The effect of irradiation by energetic electrons or 
on diamond has been studied with respect to changes in its 
aeutrons 
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electrical properties. 1 ' 2 Investigations have also been made recent-
3 ly on neutron irradiation effects in graphite, again only with 
respect to changes in electrical properties. The optical absorption 
of electron-irradiated type I diamond has been found to show an extra 
4 band at 3.1-3.8 eV. Gamma-radiation induces fluorescence in the 
UV region. 5 It has also been found that optical transmission can be 
6 increased by annealing neutron irradiated type I diamond. However, 
apparently no information has been published on the determination of 
changes in proton-irradiated diamond. 
The irradiations were carried out in the proton beam f rom a 
tandem van de Graaff accelerator (High Voltage Engineering Corpora-
tion Model Super FN). The targets consisted of natural type I dia-
llOnd. Both powder (6-10 microns in size) and a single crystal (equi-
lateral triangle with 0.25" edge, 50 mil thick) were used. The 
powder sample was packed (,..,50% theoretical density) into a 0.5" dia-
meter, 23 mil thick cavity in a nickel holder and covered with a 
O.S mil thick nickel foil. 4 Both samples were exposed to "'10 µCaul 
or 1017 protons and the average proton beam flux in both irradiations 
was of the order of 1013 protons/sec cm2• 
X-ray diffract i on analysis (General Electric XRD-5D/S dif-
fractometer) involved scanning from low to high Bragg angles using 
the counting technique to gain precision in measuring intensity. 
1 bsorption measurements were made using a Cary 14 spectro-0ptica a 
49 
ter in the visible and the UV region using a quartz substrate. pbotome 
trum in the visible region could be obtained due to the opaque No spec 
aature of the diamond powder. Infrared absorption in the fundamental 
r egion (2.5 µm and 15.4 µm) was recorded using a Perkin vibration 
Elmer 521 instrument. Raman spectra of the powdered diamond were 
taken with a RCA-LD2140 200 mW argon ion laser tuned to the 4880 ~ 
line. 
The x-ray diffraction counting was done only at a high angle 
position since such an angular position is more sensitive to a given 
change in plane spacing. 7 The results of the counting technique on 
0 
the nominally 2 Q = 140.6 diffraction peak are shown in Figure 1. 
It indicates the difference in the peak positions which amounts to a 
A(29) = 0.0375 degrees. 
~d/d 
7 For a cubic system, 
-(cot Q)~Q 
where a is the lattice constant, d the interplanar spacing and Q the 
Bragg angle. Using this relationship, the ~hange in the lattice 
constant was calculated to be 0.0238 ~. 
The absorption spectra in the UV, before and after irradiation, 
•how little difference and are shown in Figure 2. Proton irradiation 
does not seem to affect the value of the direct bandgap in diamond. 
In addition to the fundamental bandedge absorption, a broad low in-
tensity absorption peak is shown centered at 2400 ~. It is likely 
that the observed edge absorption position contains a contribution 
from the quartz substrate. Q t't t' · 'th b d uan 1 a ive comparisons wi an gap 
f diamond would be warranted only with irradiated single t"alues or 
1 and not with powders as used here. However, the data do crysta s 
erall increase in absorption after irradiation. The IR 
ahoW an ov 
absorption spectra on single crystal diamond are shown in Figure 3. 
Both samples show the 4 and 8µ bands characteristic of type I dia-
mond. The only significant difference is seen to be in the strong 
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additional absorption peak at 6.92 microns for the sample after ir-
radiation. This particular feature has apparently not been observed 
previously. In type II diamond, for which normally no absorption 
atructure is shown in the 8 micron region, neutron irradiation in-
duces structure normally found in type I diamond. 8 If proton ir-
radiation has the same effect, it would not be observable in our data 
since we have used type I diamond as the base material. On the other 
hand, the observed increased resolution of the single phonon absorp-
tion structure may be a manifestation of this effect. Smith and 
8 Har~y did not observe the strong absorption at 6.92 microns. It is 
possible, therefore, that there exists a fundamental difference in 
the type of imperfections created in proton irradiated versus neutron 
irradiated diamond. 
The anti-Stokes Raman spectrum was used as the basis for 
comparison of position and width of the first-order Raman lines in 
both samples since a large luminescence background prevented analysis 
on the Stokes side. Typical Raman spectra are shown for the Stokes 
•ide in Figure 4. The line shift resulting from the analysis of the 
anti-Stokes side is shown in Figure 5. For this case there was almost 
no background in the spectrum of diamond before irradiation; however, 
11 
background had to be deducted in the spectrum of diamond after 
sollle 
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di tion Comparison of the data for the samples before and after irra a • 
di tion (Figure 5) shows that the position of the Raman line is irra a 
significantly different, amounting to a shift of -4 cm-l or 0.32%. 
The line width, however, is the same for both cases. 
The question now arises whether any conclusion can be drawn 
from this shift in position of the Raman line and the nature of the 
changes produced by proton irradiation. The shift in the lattice 
lllOde frequency can be related to the change in the lattice constant 
via the Grfineisen constant, 
dlnw dlnw 
Y == - dmV = - 3dlna 
where w is the lattice mode frequency, V the volume and a the lattice 
constant. Mathematical transformation yields 
~--~_l_ 
a - w 3 Y 
9 For diamond, y = 1. 20, therefore an o. 32i. decrease of w will cor-
respond to an increase of a by 0.089%, i.e. by 0.0032 R. It may be 
seen that the change in lattice constant based on spectral frequency 
shift and calculated from the Grfineisen relationship is much smaller 
than that obtained from the x-ray data. Due to the much higher ac-
curacy of the Raman frequency shift measurement, it is felt that an 
estimate of the change in lattice constant of 0.0032 R as a result 
of proton irradiation is the more reliable value. 
Since the irradiations were carried out at incident proton 
I 
1 1 
I 
I 
f 17 o and 18.3 MeV, no significant amount of nuclear 
energies o • 
tation could take place. Of the four proton- i nduced trans-
transmu 
12 
reactions on C that have thresholds below 18.3 MeV, the 
autation 
proton capture reaction leads to 13N which decays with a 10 min. 
to 13c and the (p,a) reaction leads to a highly unstable half life 
product nucleus, 
p+2a. 
sec 
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Only the (p,d) and (p,2p) reactions result in a product that can af-
fect the properties of the crystal, if produced in sufficient quantity: 
~+ 
20.3 min 
Although these reactions should, from the ene~gy point of view, begin 
to occur at any energy above the t h resholds · 17.9 and 17.3 MeV res-
pectively, the outgoing charged par t icles need additional energy to 
overcome the nuclear Coulomb barr i er. Hence the reaction cross sec-
tions begin to become effective for transmutation only at seve ral MeV 
above threshold energies. Experiments are presently being conducted 
at higher energies on single crystal diamond to determine the feasi-
bility of inducing conductivity in diamond through boron doping by 
transmutation. 
If in spite of these nuclear considerations, some transmuta-
tion has taken place , the occurrence of t he sharp band at 6. 92 micr ons 
I I 
b explained as being due to a localized vibrational mode of IDBY e 
impurity in the diamond host lattice. Such boron impurities 
boron 
d d from t he nuclear transmutation of carbon during the IDBY be pro uce 
irradiation process. A simple harmonic oscillator model without 
53 
incorporating any force constant change around the impurity predicts 
1 1 mode frequency of B in diamond a oca 
-1 
an observed value of about 1440 cm • 
-1 to be 1404 cm compared to 
Because of the mass and e l ec-
tronegativity difference between B and C, such a mode may be electric 
dipole-active and thus observable in infrared transmission, in spite 
of the fact that the long-wavelength optic phonon of diamond (type II ) 
itself is not infrared active. 
At this stage it can be concluded that proton irradiation of 
type I diamond at energie s used here, leads to an additional absorp-
tion band at 6.92 microns and an increas e in the lattice constant. 
It therefore seems likely that proton irradiation results in im-
perfections of the vacancy type. The exact extent of the lattice 
constant increas e may need furthe r quantitative work because of an 
apparent difference between results from x-ray diffraction and Raman 
spectral analys i s . There i s furthermore a significant difference 
between the absorption in the fundamental vibr ation region of 
neutron and proton irradiated diamond. The direct bandgap i s not 
significantly affected. 
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Figure 1 
FIGURE CAPTIONS 
X-RAY INTENSITY PROFILES AT 29 = 140.6 FOR TYPE I 
DIAMOND BEFORE AND AFTER PROTON IRRADIATION. 
Figure 2 UV ABSORPTION SPECTRA OF TYPE I DIAMOND POWDER, 
BEFORE AND AFTER PROTON IRRADIATION. 
Figure 3 IR ABSORPTION SPECTRA OF TYPE I SINGLE CRYSTAL 
DIAMOND, BEFORE AND AFTER PROTON IRRADIATION. 
Figure 4 RAMAN SPECTRA (STOKES SIDE) OF TYPE I DIAMOND 
POWDER, BEFORE AND AFTER PROTON IRRADIATION. 
Figure 5 SHIFT IN THE LATTICE VIBRATION FREQUENCY OF TYPE I 
DIAMOND AFTER PROTON IRRADIATION, FROM ANTI-STOKES 
RAMAN DATA. 
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ABSTRACT 
Boron phosphide has been synthesized from the elements at 
pressures and temperatures above 20 kbar and 12oo0 c. The growth 
rate of crystals has been determined as a function of temperature 
and pressure and an activation energy of 49.27 kcal/mole has been 
obtained for the process. Optical transmission measurements made 
on these crystals indicate the fundamental absorption edge to lie 
around 5 eV. Optical and Scanning Electron Micrographs have been 
made to study the crystal morphology. 
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INTRODUCTION 
The semiconducting properties evidenced in the III-V com-
d Particularly the phosphides, arsenides and antimonides of poun s, 
gallium and indium have generated considerable interest in boron, 
64 
their synthesis. Boron Monophosphide is of special interest because 
1 it bas a large band gap. Yet it has not been previously produced 
2 
as either colorless or transparent. The color could be due to im-
purities in the growth system which end up in the crystals; hence 
the synthesis of purer crystals may provide more information on this 
aspect. The high hardness and temperature stability also contribute 
to the interest in this material particularly for device and abrasive 
applications. 
Most of the earlier synthesis of BP was carried out in 
evacuated tubes containing boron and red phosphorus heated to 
10oo0-1100°c. 3- 5 The replacement reaction .of BC1 3 or BBr3 and Br3P2 
0 
at 1000 C in an argon atmosphere, results in microcrystalline boron 
phosphide. Other phosphorus halides have also been used with boron 
halides in the preparation of BP. 6 ' 7 The rapid heating of pressed 
pellets of boron and phosphorus 8 and the action of phosphine on 
boron powder yield BP, 9 again in powder form. 
Pressure synthesis has been successful at 100 atmospheres and 
1000-1600°c. 10 High purity stoichiometric crystals of BP have been 
reported to crystallize from solutions under high pressure in an 
autoclave, 11 at about 1500 kbar and temperatures between 1000-1500°C; 
b n and pure phosphorus in admixture were used as the re-pure oro 
with the boron content varying between 5-20 per cent by 
actants 
weight. Largest crystals are reported to be obtained at process 
0 
temperatures between 1200 and 1300 C; slow cooling had no effect 
on the crystal growth but prolonged reaction times produced larger 
1 It is further claimed11 that the crystallization was crysta s. 
due to the temperature gradient within the sample chamber. The 
reaction between boron and phosphorus achieves its top rate at 
0 12 temperatures above 1200 C and at pressures above 10,000 kbar. 
It is interesting to note however, that so far the kinetics 
of BP growth under high pressure has not yet been studied. It was 
the purpose of this investigation to study the rate of growth of 
BP as a function of pressure, temperature and time. 
EXPERIMENTAL PROCEDURES 
Details of the 600 ton tetrahedral anvil press used in these 
13 
experiments may be found elsewhere. The cell in which the boron 
phosphide crystals have been grown is illus'trated in Figure 1. It 
consists of a graphite heater tube containing the charge which is 
65 
201. boron and 80% phosphorus by weight. The ends of the tube are 
plugged with graphite and tantalum discs with tantalum tabs for 
electrical conduction. The entire cell is placed in a pyrophyllite 
tetrahedron. The sample is directly heated by a transformer which 
provides a low voltage, high current via the press anvils. In all 
runs the total wattage passed through the cell was monitored and the 
temperature determined from a standard calibration curve which had 
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ly been constructed for this cell geometry using a Pt-Pt 10% previous 
Rh thermocouple. A pressure calibration using standard reference 
pointsl4 provided the relation between the ram pressure and actual 
cell pressure. 
For each individual run, the sample was first pressurized to 
the desired level and subsequently heated to the required temperature 
and held for the appropriate length of time. 
The cleaning of the crystals involved removing the unreacted 
phosphorus as the first step, using nitric acid. This was followed 
by treating the charge in chromic acid and hydrofluoric acid to remove 
graphite and pyrophyllite particles respectively. The cleaned crystals 
were identified by X-ray diffractometry initially and later by light 
microscopy, size permitting. 
Particle size determination was accomplished with the use of a 
polarizing microscope equipped with a filar micrometer. The "size" of 
a crystal was established as the average of the largest dimensions 
"a" and "b" measured in mutually perpendicular directions. The aver-
age crystal size of each run was obtained by . dividing the sum total 
of "size" by the number of crystals measured in each case and this 
was taken as representative of the run. Standard deviation calcula-
tions have borne out the validity of this approach. Approximately 
fifty crystals were measured per run to arrive at the average crystal 
size. 
Table 1 shows the average crystal size for different growth 
times, temperatures and pressures. The average size has been plotted 
as a function of time for various temperatures in Figure 2 and for 
Pressure levels in Figure 3. Scanning electron micrographs various 
i 1 absorption measurements have been made on the synthe-and opt ca 
sized crystals. The absorption measurements were carried out on BP 
t l s from different runs, using a LiF substrate. crys a 
EXPERIMENTAL RESULTS AND DISCUSSION 
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A set of growth experiments, with temperature and pressure as 
the system's variants, have been conducted, in an attempt to deter-
mine the crystal growth rate. In growth systems with massive, essen-
tially uncontrolled, heterogeneous nucleation it is not normally pos-
sible to obtain separate and accurate nucleation and growth rates. 
For the same reason an average crystal size had to be determined as 
described in the previous section. 
It may be observed from the data of Figure 2 that average 
crystal size increases as a function of temperature. From a kinetic 
point of view, this can be expected, since higher temperatures norm-
ally enhance the rate of reaction. The curves for 1370°c and 1275°c 
exhibit similar trends and are offset by a small size difference only. 
The maxima in these curves occur at a total synthesis time of ap-
proximately two hours. A large difference is seen, both with regard 
to value and position of the maximum in the 1450°C curve. Overall, 
the duration of the run seems to have a definite effect on the crystal 
size; initially, the average size increases with time till a maximum 
is reached after which it actually decreases. This may be the result 
of dissolution of crystals or increasingly high nucleation rates. 
The former process can be ruled out since, although the average 
1 size decreases, the size of any one crystal continues to 
crysta 
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ease with time. This may be seen from Figure 4. An explanation iocr 
be found in the fact that the processes of nucleation and growth may 
take place simultaneously and continually with the growth process 
dominant until such time as the maximum in the curves is reached. 
After that the new nucleation becomes more substantial causing an 
actual decrease in average crystal size. The reason for this may 
probably be found in the development of temperature and/or composi-
tion gradients in the cell which become more marked as time increases. 
As more and more crystals form, the resistance of the growth mixture 
changes favoring the development of temperature gradients in the 
partially self heated cell. Alternatively composition gradients may 
occur as a result of out-diffusion of phosphorus driving the growth 
composition towards a boron richer region. Loss of phosphorus, 
through the vapor phase, seems unlikely at 20 kbar. 
Pressure appears to have an effect on size similar to that of 
temperature, though not to the same extent (see Figure 3). An in-
crease in pressure increases average crystal size. The data shows 
that the rate is, however, decreased as a result of higher nuclea-
ti on. 
The values of the positive slopes of the curves shown in 
Figure 2 (obtained by the least square method) were used to develop 
an Arrhenius rate equation plot as shown in Figure 5. From the slope 
of this plot, the activation energy was determined to be 
49.27 kcal/mole. For reasons previously given, no attempt was made 
to determine activation energies separately for nucleation and growth. 
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· n energy reported here can only represent the activation The activatio 
energy for the total process. Although no data of this nature ap-
to have been reported before, it should be kept in mind that pears 
i t ion energies measured in this way are of ten much larger than act va 
15 
those predicted by Eyring's theory. An explanation for such a devi-
16 17 
is given by Turnbull and Mott. ation 
One aspect which is not evident from optical microscopic ex-
amination, has been brought out with the aid of a scanning electron 
microscope; virtually all crystals have a vesicular structure. 
Figure 6 is a scanning electron micrograph illustrating this feature. 
Almost all of the crystals synthesized contain spherical or semi-
spherical voids regardless of the conditions of temperature and pres-
sure. The extent of occurrence and individual size of the voids would 
seem to be more a function of temperature than pressure. Few crystals 
show distinct morphological features. They are generally anhedral in 
shape, orange in color, mostly translucent and only a few distinctly 
transparent. Unusual growth features such as the sculptured growth 
and stepped columnar growth, shown in Figures 7 and 8 respectively, 
are relatively rare occurrences. No plausible explanation for the 
occurrence of the voids can be advanced at this time. 
The bandgap of boron phosphide has variously been reported as 
2 eV2' 18 and 6 ev. 1 These measurements were made on products from 
totally different growth methods. This could possibly explain the 
discrepancy in the bandgap values. The transmission spectra on our 
boron phosphide crystals are shown in Figure 9. The fundamental ab-
sorption edge lies at around 5 eV. The 5 eV value results from meas-
made on boron phosphide from different runs. The upper 
urements 
70 
f F1·gure 9 shows the absorption edge to lie at 2300 ~ (5.4 eV) 
curve o 
h lower one at 2700 ~ (4.6 eV). Whereas these measurements and t e 
clearly show the fundamental edge for the product as synthesized by 
us, it cannot yet be concluded that a corresponding bandgap is either 
direct or indirect. The shift in the fundamental absorption edge, 
from 5 0 4 eV to 4.6 eV, could be due to a difference in the crystal-
line product from the different runs. More extensive experiments are 
presently being conducted with products from one run only. This re-
finement should lead to a more accurate value for the fundamental 
absorption edge and an indication of whether this value is due to 
direct or indirect band transitions. 
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TABLE 1 
AVERAGE CRYSTAL SIZE AS A FUNCTION OF TIME, TEMPERATURE & PRESSURE 
TIME AVERAGE CRYSTAL SIZE (microns) 
(hours) 
20 kbar 
I 30 kbar 
1275°C 1370°C 1450°c 1370°C 
1/2 6.58 7. 72 14.40 16.65 
1 11.82 13.36 16.70 17.03 
2 18.10 22.07 31.99 24.23 
3 16.50 20 •. 00 89.36 34.53 
4 13. 36 16.25 48.33 23.06 
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FIGURE CAPTIONS 
CELL DESIGN AS USED IN OUR EXPERIMENTS. 
CRYSTAL SIZE VERSUS SYNTHESIS TIME AS A FUNCTION OF TEMPERATURE. 
CRYSTAL SIZE VERSUS SYNTHESIS TIME AS A FUNCTION OF PRESSURE. 
MICROGRAPHS (44X) OF CRYSTALLINE BP AS A FUNCTION OF SYNTHESIS 
TIME. a - HALF HOUR, 
d - THREE HOURS, e -
b - ONE HOUR, 
FOUR HOURS. 
c - TWO HOURS, 
ACTIVATION ENERGY PLOT FOR BORON PHOSPHIDE SINGLE CRYSTAL 
GROWTH PROCESS. 
SCANNING ELECTRON MICROGRAPH (750X) OF CRYSTALLINE BP SHOWING 
VESICULAR STRUCTURE. 
UNUSUAL MORPHOLOGY OF BP CRYSTALS. SCULPTURED GROWTH FEATURES. 
SCANNING ELECTRON MICROGRAPH (3000X). 
UNUSUAL MORPHOLOGY OF BP CRYSTALS. STEPPED COLUMNAR GROWTH 
FEATURES. SCANNING ELECTRON MICROGRAPH (1500X). 
TRANSMISSION SPECTRA FOR BORON PHOSPHIDE. TWO SEPARATE 
PRODUCT-DIFFERENTIATED MEASUREMENTS·. 
(For explanation see text). 
~--- TANTALUM END CAP ~~~""'""1 
·~--- GRAPHITE SLEEVE 
------- CHARGE 
~~~N---- GRAPHITE PLUG 
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ABSTRACT 
Pressed pellets of hexagonal boron nitride (BN), 
boron oxide (B2o3), boron phosphide (BP), as well as electro-
phoretically deposited BN have been evaluated as detectors for 
thermal neutrons. The current versus voltage characteristic was 
studied for each of these materials before and during irradiation 
8 2 
with a neutron flux of about 10 n/cm sec. The dark current was 
lowest in the B2o3 pellets and highest in the BP pellets with that 
of BN lying intermediate, as might be expected from their forbid-
den gaps. The differences observed during irradiation in the cur-
rent values for the three boron compounds have been explained as 
being due to the "boron to anion" atomic weight ratio being dif-
ferent in them. 
86 
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INTRODUCTION 
Neutrons can be counted only by means of detecting secondary 
charged particles which they release in passing through matter, or by 
other secondary processes which produce ionizing radiations. The 
secondary charged particles may be protons released by collisions of 
neutrons with hydrogen nuclei; they may be the direct result of 
nuclear disintegration produced by neutrons or they may be the radio-
active radiations from product nuclei which become radioactive as a 
result of neutron capture. The approach to detecting neutrons is 
controlled by the requirement that measurable ionization effects be 
produced. 
In the present case, since thermal neutrons do not produce 
1 protons on collision with hydrogen nuclei and since radioactive 
products are undesirable because of safety considerations and also 
from the point of view of remnant radioactiyity, the choice of detec-
tion is restricted to the release of the a particle. The reaction 
may be written as 2 
1n + lOB -------------------~ 7 Li + 4He + 0.48 MeV y-ray (937.) 
---
---
----..._ 7 Li + 4He (77.) 
Many instruments are used for thermal neutron detection 
presently: the boron trifluoride (BF 3) filled proportional counter, 
the helium-3 filled proportional counter and boron or lithium (with 
zinc sulfide) scintillation detectors, to name a few. The helium-3 
filled counters are superior to the BF3 filled counters because the 
neutron absorption of helium-3 is greater than BF3 for the same 
88 
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length and pressure of the gas. However, helium-3 occurs naturally 
as only one part in a million of natural helium and even though the 
isotope has been made available by irradiation of lithium-6 which 
results in tritium decaying in 12. 3 years half life to helium-3, the 
chemical separation of helium-3 from the parent tritium has to be 
done under extreme care to remove this background source in detectors. 
In scintillation detectors which absorb a large fraction of the 
neutrons, most neutrons are absorbed on t he side of the detector from 
which neutrons arrive. The resulting light flashes must pass through 
the rest of the detector to reach the photosensitive face of the photo-
multiplier. For low neutron energies (larger absorption cross section) 
the mean position of interaction is further from the photosensitive 
surface and this may reduce the overall detection efficiency. Secondly, 
the fabrication of scintillation detectors keeping in mind the optimum 
thickness and the amount of phosphor to be added to the neutron ab-
sorbing element may not be easy. 
The boron compounds studied in this investigation may eliminate 
some of the existing problems since they are solids with large band 
gaps and may be readily obtained. These materials do not re t ain any 
significant activity. Boron by itself has been used as a thermistor 
for sensing thermal neutrons. 3 4 I t is also reported that the B2o3 
content on the s c i ntillation properties in lithium borosilicate-cerium 
activated-glasses does not affect the behavior of the luminescence 
centers but hinders the energy transfer process. At present t here is 
tly no available information on the use of boron compounds, 
apparen 
such as those investigated here, as possible neutron detector 
89 
materials. Guided by the optical and electrical properties of these 
5-8 . f 1 h h 1 d materials, it is e t t at t ey may en themselves suitably for 
such an investigation. 
EXPERIMENT 
Microcrystalline BN, BP and B2o3 (10-20 microns in size) were 
pressed into pellet form in a standard laboratory hand press to a 
pressure of 5000 psi. The pellets were 6.35 mm in diameter and 1 mm 
thick. Pressure contact was made by means of a spacer-separated 
spring loaded plunger and the assembled detector is shown in Figure 1. 
The thickness of the detector plate was chosen such that the incoming 
neutrons are not abs orbed. 
The reactor power level was maintained at 2 MW throughout the 
investigation and the neutron flux encountered by the detector was 
8 2 about 10 n/cm .sec. A DC power supply capable of delivering 200 milli-
amperes and 400 volts was used as the power ·source and a solid state 
* electrometer was used to measure the current through the detector. 
The voltage was monitored from 0-100 volts and the corresponding cur-
rent was noted, first in the absence of the neutrons and then during 
irradiation, until reproducibility was achieved within experimental 
error. Tables 1, 2, 3 and 4 show the current values for each voltage 
setti ng , before and dur i ng irradiation for the various targe ts. 
9 The electrophoretic technique used in the deposition of hex-
* Keithley Ins truments Inc., Cleveland, Ohio 
1 boron nitride proved to be simple and rapid and provided a agona 
uniform deposit of about 200 microns in thickness. The substrate 
chosen for the deposition was a cathode of aluminum metal in the 
form of a plunger indicated in Figure 1. An aluminum disc, 38 mm 
in diameter and 1.7 mm thick, was used as the anode. A schematic 
of the experimental set-up for deposition is shown in Figure 2. 
The suspension for the deposition was prepared as follows: 
90 
Two stock solutions were required; A, lanthanum nitrate (0.5 g), 
aluminum nitrate (0.25 g), isopropyl alcohol (50 ml) and distilled 
water (3 ml); B, equal parts by volume of glycerol and isopropyl alco-
hol. About 50 glass balls of 1/8" diameter were put into a 150-ml 
stoppered flask and 1 ml of solution B, 2 drops of solution A and 
350-400 mg of boron nitride (10-20 microns) were added. The mixture 
was rotated for about 5 minutes to disperse the powder into a thin 
viscous cream. The presence of a small quantity of glycerine at this 
stage and in the final suspension helped to reduce flocculation. The 
following solution was added to the viscous cream; isopropyl alcohol 
(100 ml), solution A (2 ml) and distilled water (5 ml). The suspen-
sion was shaken thoroughly and subjected to ultrasonic agitation for 
3-5 minutes. This s us pension had a limited active life and had to be 
used within 12 hours of prepara tion. The electrophoretic deposit i on 
was carried out with the substrate held horizontally in the suspension 
which was contained in a glass beaker. The deposition was carried 
out with an anode-to-cathode separa t ion of 15 mm and with a cur r ent 
of 6 milliamperes supplied from a stabilized DC power unit for about 
an hour. 
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After deposition the target was carefully removed and dried. A 
thin film of aluminum was evaporated on to the target in order to 
establish uniform contact, 
RESULTS AND CONCLUSION 
Using the data given in Table 1, a semilog plot of current 
versus voltage is made for BN pellet as indicated in Figure 3. The 
increase in current during irradiation follows a reducing trend towards 
higher voltages. This may approach saturation if carried further. 
The increase in conductivity during irradiation is contrary to what 
10 is usually observed. It can be argued here that defects are created 
in the crystal lattice as a result of irradiation and on a band model 
these defects represent trapping levels between the valence band and 
the conduction band. For large band gap material such as those in-
vestigated here, these traps lie very close to the valence band and 
thus enable electron transfer. As a result of this, hole conduction 
becomes possible. 
For electrophoretically deposited BN .Figure 4 i~ drawn using 
Table 2 data. The dark current is two orders of magnitude smaller 
than that of the BN pellet. This could be due to the smaller thick-
ness of the deposit as compared to the pellet. The current seems to 
saturate at relatively low voltages. Some of the other advantages 
of the electrophoretically deposited target are that the dark cur-
rents observed here are close to those normally encountered in neu-
tron detection. Secondly, the material thickness plays an important 
part in the relaxation time and since electrophoretic deposits can 
I 
I 
be made in the range of microns they may prove superior to other 
forms of target making where evaporation is not quite so straight-
forward. 
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The current voltage plot for boron oxide is shown in Figure 5. 
The trend seems to be similar to that of the BN targets except that 
the increase in current is much less. The increase in conductivity 
is governed to a large extent by the neutron interaction with the 
target material and this interaction increases with increasing boron 
concentrations in the host crystal since neutrons interact mostly 
only with the boron atoms present in these compounds. Hence it may 
be said that the boron concentration being less in s2o3 than in BN 
is the cause for the lowered increase in current. 
Figure 6 for BP shows quite a high dark current as compared 
to that of BN and B2o3 and this may be due to its smaller band gap. 
The interesting feature of this plot is the fact that the increase 
in current during irradiation is more pronounced at higher voltages 
and this material may therefore be more suited for those targets 
which have to operate at high fields. 
From this preliminary investigation it appears as though these 
materials may be promising from the point of view of thermal neutron 
detectors. However, more precise quantitative measurements are 
needed in order to make any conclusive statement. 
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TABLE 1 
CURRENT VALUES FOR DIFFERENT VOLTAGE SETTINGS 
BEFORE AND DURING IRRADIATION OF BN PELLET 
VOLTAGE CURRENT (AMPERES) CURRENT (AMPERES) 
(VOLTS) BEFORE IRRADIATION DURING IRRADIATION 
0 0 0 
5.5 x 10-12 1.1 x 
10-10 
10 
20 1.5 x 10- 11 1.6 x 10-10 
30 2.8 x 10-ll 2.2 x 10-10 
40 4.3 x 10-ll 2.6 x 10-10 
50 6.4 x 10-ll 3.1 x 10-10 
60 8.5 x 10-ll 3.7 x 10-10 
I I 
70 1. 3 x 10-10 4.2 x 10-10 
80 1.8 x 10-10 4.9 x 10-10 
90 2.3 x 10-10 5.4 x 10-10 
100 3.0 x 10-10 6.1 x 10-10 
94 I 
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TABLE 2 
CURRENT VALUES FOR DIFFERENT VOLTAGE SETTINGS 
BEFORE AND DURING IRRADIATION OF 
ELECTROPHORETICALLY DEPOSITED BN 
VOLTAGE CURRENT (AMPERES) CURRENT (AMPERES) 
(VOLTS) BEFORE IRRADIATION DURING IRRADIATION 
0 0 0 
5 2.8 x 10-10 5.4 x 10-9 
10 9.7 x 10-10 1.0 x 10-8 
15 2.2 x 10-9 1.5 x 10-8 
20 3.0 x 10-9 1.9 x 10-8 
25 3.8 x 10-9 2.1 x 10-8 
30 4.5 x 10-9 2.3 x 10-8 
I . 
. I 
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TABLE 3 
CURRENT VALUES FOR DIFFERENT VOLTAGE SETTINGS 
I I BEFORE AND DURING IRRADIATION OF B203 PELLET 
VOLTAGE CURRENT (AMPERES) CURRENT (AMPERES) 
(VOLTS) BEFORE IRRADIATION DURING IRRADIATION 
0 0 0 
10 9.0 x 10-12 3.5 x 10-ll 
20 2.2 x 10-ll 6.7 x 10-ll 
30 3.5 x 10-ll 1.1 x 10-10 
40 5.0 x 10-ll 1.4 x 10-10 
50 6.4 x 10-ll 1.8 x 10-10 
60 8.0 x 10-ll 2 .• 0 x 10-10 
70 9.6 x 10-ll 2.3 x 10-10 
80 1.1 x 10-10 2.5 x 10-10 
90 1.3 x 10-10 2.9 x 10-10 
100 1.5X.10-lO 3.1 x 10-10 
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TABLE 4 
CURRENT VALUES FOR DIFFERENT VOLTAGE SETTINGS 
BEFORE AND DURING IRRADIATION OF BP PELLET 
VOLTAGE CURRENT (AMPERES) CURRENT (AMPERES) 
(VOLTS) BEFORE IRRADIATION DURING IRRADIATION I I 
0 0 0 
10 1. 3 x 10- 6 2.3 x 10-
6 
20 3.5 x 10- 6 5.6 x 10- 6 
30 5.5 x 10- 6 1.0 x 10-5 
40 7 "'6 x 10-6 1. 6 x 10-5 
50 1.0 x 10-5 2.1 x 10-5 
60 1.3 x 10-5 2.5 x 10-5 
70 1.5 x 10-5 3.0 x 10-5 
80 1. 7 x 10-5 3.4 x 10-5 
90 1.8 x 10-5 3.9 x 10-5 
100 1.9 x 10·- 5 4.4 x 10-5 
1. 
FIGURE CAPTIONS 
SKETCH OF THERMAL NEUTRON DETECTOR AS USED IN THIS 
INVESTIGATION. 
z. SCHEMATIC OF EXPERIMENTAL SET-UP FOR ELECTROPHORETIC 
DEPOSITION OF HEXAGONAL BORON NITRIDE. 
3. CURRENT-VOLTAGE CHARACTERISTIC FOR BORON NITRIDE PELLET, 
BEFORE AND DURING THERMAL NEUTRON IRRADIATION. 
4. CURRENT-VOLTAGE CHARACTERISTIC FOR ELECTROPHORETICALLY-
DEPOSITED BORON NITRIDE, BEFORE AND DURING THERMAL NEUTRON 
IRRADIATION. 
5. CURRENT-VOLTAGE CHARACTERISTIC FOR BORON OXIDE PELLET, 
BEFORE AND DURING THERMAL NEUTRON IRRADIATION. 
6. CURRENT-VOLTAGE CHARACTERISTIC FOR BORON PHOSPHIDE PELLET, 
BEFORE AND DURING THERMAL NEUTRON IRRADIATION. 
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I. INTRODUCTION AND LITERATURE SURVEY 
During the past decade, there has been a great interest in 
the development of new materials and in improving the properties of 
existing materials. This is particularly so in the field of semi-
conductors. It is mainly due to the fact that since the develop-
ment of the transistor, semiconductors have been put to a variety 
of sophisticated applications which call for very specific proper-
ties. The use of a semiconductor laser, which emits a narrow band, 
and which can be attuned to the absorption frequency of the crystal 
laser, can result in an overall increase in conversion efficiency. 
Tuning is made possible by varying the composition of the alloy~. , 
Since this type of laser can be tailored to emit a range of fre-
quencies, another use would be as a high resolution monochromatic 
1 
source for spectroscopy. Semiconductors are also sought after for 
making solar cells and temperature sensing devices. Since the major 
use of the solar cell is as·a power source for space vehicles, there 
is considerable interest in semiconductors with a high temperature 
capability and greater resistance to high energy particles. For a 
good temperature sensing device, the semiconductor in question must 
have a fairly large temperature range over which it is capable of 
being operated. Diamond thermistors are ideally suited for this. 
Devices such as cathodoluminescent imaging tubes, based on opto-
electronic principles, also make for significant interest in new 
semiconductor materials. 
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The work in this thesis has been concerned with the synthesis, 
characterization, and applications of some of the important members 
of the family discussed above, specifically diamond and boron 
phosphide. This appendix gives an overview of the relevant litera-
ture and background on these materials in the two separate sections 
following. 
A. Diamond and Semiconducting Diamond 
The graphite-diamond equilibrium line, calculated from thermo-
3 dynamic concepts, has been a major contribution for all diamond 
synthesis work. 4 Subsequently a phase diagram has been reported for 
0 
carbon extending up to 5000 K and 800 kbar. Phase equilibria for 
"indirect" formation of diamond (via a metal "catalyst" or solvent), 
from graphite have also been investigated5 along with nucleation and 
growth characteristics. For a metal solvent like nickel, the nickel-
6 
carbon phase diagram has been established. A method for predicting 
a priori the conditions for indirect diamond synthesis has been 
7 developed and calculations have been made for the nickel-carbon and 
manganese-carbon phase equilibria. The lower pressure-temperature 
limits for indirect synthesis seems to be controlled by the eutectic 
temperature at pressure and the diamond-graphite equilibrium line. 7 
The direct conversion of carbon into diamond requires pressures, 
static or dynamic, in excess of 130 kbar and hence is seldom used. 
There are two points of view on the graphite-diamond transi-
tion. According to one, it is due to rupture of the crystal lattice 
of graphite and transfer of free carbon atoms, in a melt of "solvent 
8-10 
catalyst", to the growth surface of the diamond by diffusion. 
108 
Others consider the transition to involve reconstruction of the 
graphite lattice without breakup into individual atoms (solid-state 
. 11-12 
mechanism>. The diffusion mechanism seems to be the more 
13 prominent one though it does not exclude the possibility of the 
solid-state mechanism. 
The introduction of semiconductivity in diamond is a relative-
ly easy task and can be accomplished in a variety of ways. The most 
common method is that of the introduction of specific dopants like 
Be, B, Al either through addition to growth mixtures of carbon and 
solvents or through diffusion of these elements into diamond crystals 
14-16 
at high temperatures and pressures. Introduction of active im-
purities by means of ion implantation has lately received consider-
. 17-19 
able attention. 
This investigation has been concerned with the semiconducting 
properties and mechanism of conduction in diamond brought about by 
impur i ties or dopants. For most semiconductors, the plot of 
log R versus l/T normally shows a minimum, which occurs at increa-
singly higher temperatures as the impurity concentration increases. 
To the low temperature side of the minimum, that is in the ex-
trinsic range, the curve is almost linear. The low temperature 
asymptotic s lope of the plot gives the activation energy of the im-
purity level. The curves obtained in our investigation do not 
reach a minimum even at 800°K and secondly there is a "kink" in 
the slope . 20 21 I n a s imi lar vein it has been reported ' that in 
certain germanium samples, the resistivity as well as Hall Co-
efficient fir s t increase almost exponentially with decreasing tern-
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perature, but that at a certain temperature the Hall Coefficient 
reaches a maximum and then decreases sharply over several orders 
of magnitude. Such a temperature dependence is claimed to be 
18 typical of a semiconductor with an impurity band. The two-
21 
conduction-band model as proposed by Hung explains conduction 
to take place at high temperatures in the regular band and at low 
temperatures in the impurity band. For our case this does not seem 
to be valid at low temperatures and low doping levels because of 
the inability to form impurity bands. For diamond, impurity band 
18 3 formation can occur at impurity levels of about 10 /cm (refer-
ence 22). 23 24 The hopping mechanism suggested by Conwell and Mott 
states that in the presence of minority compensations, impurity 
conduction is possible at majority concentrations lower than neces-
sary for band formation due to the hopping of charge carriers from 
one occupied impurity site to a nearby one left vacant by minority 
impurities. 25 Such a mechanism has been observed by Fritzsche and 
repor ted by Wilson26 in his interpretation of conductivity in 
variously doped diamond. A relation between 'E' the activation 
energy and the compensation ratio K = N i /N ., where N i and 
m n maJ m n 
N . are the minority and majority concentrations respectively, has 
maJ 
been found by Miller. 27 His f indings indicate a decreasing activa-
tion energy with increasing values of K at least up to K = 0.5. 
This means for a fixed minority concentration, once the low temper-
ature activation energy and the dopant content are known, it may be 
pos s ible to determine whether conduction is by hopping mechanism or 
not. 
Diamond can be classified into type I and type II depending on 
the absorption in the infrared region of the electromagnetic spec-
trum. Type I diamond exhibits absorption in two regions: from 
z to 6 microns and from 8 to 13 microns. Type II diamond shows 
absorption only in the 2 to 6 micron region. The absorption in 
the 8 to 13 micron region for type I diamond varies from specimen 
to specimen and appears therefore to be an impurity or structure 
28 
sensitive property. The absorption in the 8 to 13 micro~ region 
was found to be temperature independent whereas the bands in the 
2 to 6 micron region showed a temperature dependence which was 
29 
similar to that of corresponding bands in silicon and germanium. 
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This would indicate that the 2 to 6 micron absorption is related to 
the characteristic lattice frequencies of diamond while the other 
band is truly impurity related. It has been shown that the intensi-
ty of the latter band is a function of the nitrogen concentration. 
30 The absorption characteristics can also be changed by neutron and 
1 . d. . 31 e ectron irra iations. In type II diamond, for which normally no 
absorption structure is shown in the 8 micron region, neutron ir-
di i . d 11 f d i I d' d 3o ra at on in uces structure norma y oun n type iamon • 
Electron-irradiated type I diamond has been found to show an extra 
31 band at 3.1-3.8 eV. The infrared absorption spectrum of proton-
irradiated diamond shows a characteristic absorption at 
6.92 . 32 microns. 
The electrical properties of diamond are also significantly 
33 34 
affected by energetic electrons or neutrons. ' By suitable ir-
radiation of 
beam current 
s emiconducting diamond, (with 1.5 MeV electrons and a 
2 density of 50 microamperes/cm ), the upper useful 
111 
temperature limit for semiconductivity may be considerably increased35 
at the expense of an increase in resistance. 
B. Boron Monophosphide 
Among the group 111-V compound semiconductors, the boron 
Group V compounds are least known, mainly because of the difficul-
ties involved in their synthesis. Boron phosphide, a member of 
this group, shows both physical and chemical properties that differ 
from the general trend of the 111-V family. Due to its high melting 
point (approximately 3000°C), high dissociation pressure and low pres-
. d . i 36 1 d sure incongruent ecomposit on at e evate temperatures into 
phosphorus and a lower phosphide, it would be very difficult to grow 
boron phosphide crystals by conventional methods such as zone refin-
37 ing and growth from the melt. Thus, many of the important basic 
physical properties of BP are not yet well established, in spite of 
the scientific interest in this compound stimulated by its potential 
as a candidate for solid-state devices and possible use as an 
abras i ve. 
Much of the earlier .synthesis was done using evacuated tubes 
0 38-40 
containing boron and red phosphorus heated to about 1100 C. 
Boron phosphide has been prepared as a microcrystalline powder by 
the replacement reaction of BC1 3 or BBr 3 and Br 3P2 at l000°c in an 
37 41 
argon atmosphere. ' Thermal decomposition of halide addition 
compounds such as BC1 3.Pcl5 has also yielded boron phosphide. 42 
Pressure synthesis has been successful at 100 atmospheres and 
1000-1600°c. 43 High purity stoichiometric crystals of BP have been 
reported to crystallize from solutions under high pressure in an 
112 
44 
autoclave at about 1500 kbar and temperatures between 1000-
15000C; pure boron and pure phosphorus in admixture were used as 
the reactants with the boron content varying between 5-20% by weight. 
Largest crystals are reported to be obtained at process temperatures 
0 between 1200 and 1300 C; slow cooling had no effect on the crystal 
growth but prolonged reaction times produced larger crystals. The 
growth rate of boron phosphide has been reported45 as a function of 
temperature, pressure and time. Temperature seems to enhance the 
growth rate and there appears to be an optimum duration for syn-
thesis of larger crystals. 
46 Boron phosphide has a large bandgap and yet is neither color-
37 less nor transparent. Single crystal measurements had yielded an 
energy gap of 2 eV and no strong absorption in the infrared range. 37 
The low value of the bandgap had earlier been determined from the 
slope of log resistivity versus inverse temperature from measure-
. d 47 ments on sintere crusts. The bandgap determined has been re-
t d b . . d. 37 por e as eing in irect. 
The effect of neutron irradiation on boron phosphide and boron 
nitride is virtually unexplored. Boron by itself has been used as a 
th . f . h 1 48 ermistor or sensing t erma neutrons. The only available re-
49 port on the effect of thermal neutrons on boron phosphide and 
hexagonal boron nitride is a study of the current-voltage character-
istics of these compounds before and during irradiation. The cur-
rent appears to be about an order of magnitude larger during irradia-
tion. Due to the extremely small half life of the radioactive iso-
topes of these materials, they may be promising materials for use in 
neutron detectors. 
, 
II. METHODS AND EQUIPMENT USED 
All high pressure synthesis experiments were carried out in 
the 600 ton tetrahedral anvil press shown in Figure 1. The theory 
and design of the original tetrahedral press is described by 
11 50,51 Ha • The tetrahedral press is an extension of the "two-
dimensional" Bridgman anvil concept to three dimensions. A "three-
dimensional" device is necessary to overcome the problem of the 
small sample size in the Bridgman anvils. In the te t rahedral press 
the principle of massive support is still at work but not to the 
same extent as in Bridgman anvils. This is so because the solid 
angle subtended by each anvil must decrease as the number of anvils 
used is increased. 
In the tetrahedral press four anvils with triangular faces are 
driven toward a central point by hydraulic rams whose axes lie along 
lines normal to the triangular anvil face?• The anvil axes intersect 
0 
at tetrahedral angles (10~.47 ) in the center of a regular tetra-
hedral volume enclosed by the anvil faces. The anvils are constructed 
of cemented tungsten carbide and are surrounded by a press-fit steel 
binding ring. The binding ring absorbs the tensile loads developed 
within the body of the tungsten carbide. The anvils are brought to-
gether by independent valves which control each ram. The position of 
the anvils is indicated by dial gages. In the initial stages of pres-
sure build-up, while the gaskets are being formed, the rams are 
advanced individually in small incremental steps. Then all control 
113 
114 
115 
valves are opened thus supplying hydraulic oil simultaneously to 
the four hydraulic rams. Figure 2 shows the hydraulic flow diagram 
of the tetrahedral anvil press used in this study. Some tetrahedral 
presses are equipped with an anvil guide device 51 which eliminates 
the need for incremental adjustment. This device causes all 
hydraulic rams to advance simultaneously and symmetrically toward 
the center of the tetrahedral press as oil pressure is applied to 
all four hydraulic rams from one valve. 
The pyrophyllite tetrahedra used as sample holders for the 
high pressure runs were obtained from Maryland Lava Company, Inc., 
Bel Air, Maryland. The pyrophyllite transmits pressure to the sample, 
provides thermal and electrical insulation and, by extruding between 
the sloping shoulders of the advancing anvils, provides the necessary 
compressible gasket. 
Pressure versus load calibrations were made by measuring the 
known abrupt resistance changes in sample cells containing extruded 
bismuth and thallium wire and using the transition values reported 
52 by Kennedy. For this purpose, metallic · bismuth was extruded cold 
through a steel die at about 5000 psi into a wire of 20 mils dia-
meter and kept till used in ethylene glycol to prevent its oxida-
tion. Bismuth rod of 20 mils diameter and 1/4 inch in length was 
placed into a boron nitride cylinder of 7/32 inch outer diameter, 
20 mils inside diameter and 1/4 inch in length. Bismuth containing 
boron nitride cylinders were then placed inside the pyrophyllite 
tetrahedron of edge 1.5 inches. Figure 3 shows the sample and sample 
holder as used in this calibration. Two strips of copper (0.015" 
thick and 3/8" wide) coming from the opposite sides of the tetra-
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hedron make contact with the ends of the bismuth wire via tantalum 
taps which serve as the contact between the test specimen and the 
copper strips. These copper strips are bent against the surface of 
the tetrahedron and serve as leads for resistance measurement. 
Changes of resistance of the bismuth wire during high pressure 
* compression were measured by a milliohmmeter and electrometer. In 
a similar fashion, thallium and barium were used for the determina-
tion of higher pressure points. The calibration curve is shown in 
Figure 4. 
Temperature calibrations were made using a Pt-Pt 10% Rh 
thermocouple. The thermocouple junction was located in the center 
of the cell and the leads were brought out through the edges of the 
tetrahedron in the space between the sloping anvil shoulders. Frie-
tion of the pyrophyllite gaskets was sufficient to hold the fine 
thermocouple wires in place during the high pressure operation. The 
effect of pressure on the emf of the thermocouple was taken into 
53 
consideration using data reported by Bundy and corrected tempera-
tures were computed for different power settings. Two temperature 
calibrations were made, one for diamond synthesis shown in Manu-
script I and another for BP synthesis shown in Figure 5. For a more 
detailed discussion of pressure and temperature calibrations at high 
54 pressure, the reader is referred to Eatough. 
* Keithley Instruments Inc., Cleveland, Ohio. 
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III. SUMMARY AND PROPOSED FUTURE WORK 
In the foregoing, the synthesis and characterization of 
diamond and boron phosphide have been discussed. 
The end product of the synthesis is affected by a variety of 
parameters; the significant ones in the case of diamond are pressure, 
temperature, nature of the metal catalyst-solvent and type and quan-
tity of dopant used. Since the objective has been to synthesize small 
crystallites of diamond, widespread nucleation has been induced by 
using higher pressures within the growth regime. 
For boron phosphide synthesis, pressure, temperature and time 
have been the main controlling factors. While higher temperatures 
and greater time durations have a favorable effect on the crystal 
size, pressure does not seem to greatly alter the end product. How-
ever, high pressures of the order of 20 kbar have been found neces-
sary in order to retain the phosphorus in the melt at the tempera-
tures encountered. From the growth-rate measurements an "activation 
energy of growth" has been determined. Optical micrographs illustra-
ting the change in crystal size with time are shown. Scanning elec-
tron micrographs have been taken to study the morphology of the 
crystals synthesized and they reveal homogeneously scattered voids 
throughout the crystals under all conditions of temperature and pres-
sure. 
Some of the properties of diamond and boron phosphide have al-
so been studied as part of this investigation. For diamond, the 
121 
electrical conductivity of heavily doped specimens has been worked 
out and the effect of proton irradiation investigated. 
122 
The mechanism of electrical conduction in diamond heavily 
doped with boron, aluminum and titanium appears to be due to the 
formation of impurity bands as opposed to the hopping of charge 
carriers. The activation energies of the impurity levels have been 
determined from an analysis of the log R versus l/T curves. For 
boron doped diamond, due to the 'kink' in the log R versus l/T 
curves, which is unusual, the activation energy has been determined 
by a s suming a "two-impurity" model with boron as majority impurity 
and nitrogen as minority impurity. For aluminum and titanium doped 
samples, which do not show any anomalies up to 200°K, the analytical 
data could be fitted very well with experimental data. 
Type I diamond irradiated with high energy protons shows an 
increase in the lattice constant which has been detected from Raman 
spectra l measurements. The infrared absorption spectra before and 
after irradiation r eveal a characteristic absorption at 6.92 microns 
in the irradiated sample. This could be · a manifestation of defects 
induced as a result of irradiation or some possible transmutation of 
car bon to boron a s explained earlier in the text. However, the band 
e dge r emaine d the same even after irradiation. 
Boron phosphide has been synthesized. The morphology and the 
e ffect of thermal neutron irradiation have been investigated. 
Op t ical absorption measurements have been made and the fundamental 
absorption edge has been found. 
Thermal neutron irradiation appears to i ncrease the current 
123 
at fixed voltages in detectors made of boron phosphide, boron oxide 
and hexagonal boron nitride. Boron phosphide seems to be more 
suited than the other compounds for detector applications at high 
voltages due to its tendency to be more sensitive in this region. 
The increase in current during irradiation has been explained as 
resulting from defects (trapping levels) induced as a result of 
neutron irradiation. 
Even though proton irradiation, at energies used in these 
investigations, should not have induced electrical conductivity in 
type I diamond, it is strongly felt that irradiation at higher 
energy levels would cause sufficient transmutation of carbon into 
boron and result in semiconducting diamond. Future work is being 
directed towards irradiating single crystal diamond at proton 
energies of about 100 MeV and then characterizing them for their 
electrical and optical properties. Graphite samples, irradiated at 
100 MeV proton energies, will also be used in the synthesis of semi-
conducting diamond. 
In the area of boron phosphide, efforts are being made to 
synthesize "voidless" single crystals using new growth techniques. 
The generation of well-developed homogeneous single crystals will 
enable more reliable measurements on the fundamental absorption 
edge and facilitate conductivity studies which are meager at this 
point for this compound. For thermal neutron detection boron 
phosphide seems to be a definite possibility. More quantitative 
experiments are being planned to resolve the actual neutron flux 
striking the target (by accounting for contribution due to y radia-
tion) in order to calculate the neutron absorption efficiency and 
124 
neutron-induced carriers which lead to enhanced electrical conducti-
vity. 
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